The relatively high incidence and variety of lesions induced in the upper respiratory tract of rodents by inhalation of xenobiotics has resulted in considerable attention given to the microscopic anatomy of this area. Specific areas of the rodent laryngeal mucosa appear to be more sensitive to inhaled materials and more likely to contain cellular changes in response to injury. These include the epithelium covering the base of the epiglottis, ventral pouch, and the medial surfaces of the vocal processes of the arytenoid cartilages. There are few good landmarks for trimming rodent larynges to get consistent and accurate sections through these target areas. We have obtained consistently reproducible results by cutting transversely through the easily palpable cricothyroid notch and embedding the entire larynx anterior to this in paraffin with the cut surface against the face of the block. Multiple sections are cut from the caudal larynx toward the epiglottis, unstained sections examined microscopically for orientation, and sections from target areas selected for staining and histopathologic examination. Routine use of these methods for preparation and microscopic examination of sections of the larynx has revealed some variations in normal laryngeal anatomy between Fischer 344 (F344/N) rats and B6C3F1 mice.
INTRODUCTION
The extensive use of laboratory rodents in inhalation toxicology studies and the relatively high incidence of exposure-induced lesions in the upper respiratory tract have generated considerable interest in the microscopic anatomy of the nasal cavity ( 14, 15, 1$, 19) and the larynx (1, 7-9, 12) of rats, mice, and hamsters.
Although the gross and microscopic anatomy of the rodent larynx is less complex than the nose, there are anatomic features one must be aware of to assess accurately the effects of inhaled substances on the laryngeal mucosa. The distribution of the types of epithelium in the larynx is similar to that of the nasal airway, in that the epithelium lining the laryngeal lumen changes from stratified squamous cranially to pseudostratified cilated columnar (re-spiratory) epithelium caudally. In rodents, several intermediate types of epithelium have been described in the area of transition between the stratified squamous epithelium of the anterior epiglottis and the respiratory epithelium of the caudal larynx and trachea. The type of epithelium present in this transitional zone depends on the anatomic location and the rodent species (1, 7, 8, 12) . This transitional zone is the area of the rodent larynx in which microscopic lesions are most frequently observed in response to inhaled xenobiotics (3) . Specific sites of exposure-induced lesions include the base of the epiglottis, ventral pouch (medial laryngeal recess), and the medial surfaces of the vocal processes of the arytenoid cartilages. Care must be exercised in microscopic evaluation of the larynx because of the lack of clear, consistent anatomic landmarks for the border between stratified squamous and intermediate types of epithelium at the base of the epiglottis, and between intermediate types of epithelium and ciliated (respiratory) epithelium in the caudal larynx. This paper describes methods developed in our laboratory for preparing and examining sections of larynx from laboratory rodents on inhalation toxicology studies. It also describes the normal histology of areas of the rat and mouse larynx most likely to contain lesions induced by inhalation of xenobiotics, and describes several spontaneous laryngeal changes observed in aged F344/N rats and B6C3F1 l mice.
METHODS

Animals
The methods described below were used to trim, embed, process, and examine multiple laryngeal sections from approximately 1,080 Fischer (F344/N) rats and 1,080 B6C3F1 mice as part of nine subchronic inhalation toxicity studies, and from approximately 928 Fischer rats and 944 B6C3F1 mice as part of two chronic inhalation carcinogenicity studies. Animals from the subchronic studies were approximately 5-months-old at necropsy. From the chronic studies, approximately 30% of the rats and 38% of the mice survived to terminal sacrifice. Descriptions of normal laryngeal histology in this report are based mainly on examination of multiple laryngeal sections from control animals from the subchronic studies (180 of each species). Additional serial transverse and longitudinal sections of larynges from animals of the same strain, source, and approximate age were also used to study the normal laryngeal histology. Descriptions of aging changes are based on laryngeal sections from 79 control rats and 134 control mice that survived to chronic study terminal sacrifices. Approximately equal numbers of males and females were included in all the above totals.
These studies were performed under the sponsorship of the National Toxicology Program (NTP), utilizing standard NTP study protocols (13) . Rats and mice were obtained from Simonsen Laboratories (Gilroy, CA). All animals were held for 3-week quarantine periods during which serology and health screening procedures were performed on representative groups of animals from each shipment. There was no evidence of infection during the course of any of these studies. Following quarantine, rats and mice were single-housed in wire-bottom cages inside Hazleton 2000 whole-body inhalation chambers (10) during the entire 13-week or 24-month exposure period. Animal care and use procedures were in accordance with the United States Public Health Service's Policy on Humane Care and Use of Animals and the Guide for the Care and Use of Laboratory Animals (5).
Necropsy
All moribund animals and those surviving to scheduled terminal sacrifice were euthanatized with 70% carbon dioxide in air, followed by exsanguination via the brachial arteries. Animals found dead were also necropsied. Necropsy procedures were designed to optimize fixation of and minimize chances for artifactual damage to respiratory tract tissues, including the larynx. Following removal of the lower jaw and retrograde flushing of fixative through the nasal cavity via the nasopharyngeal duct, the trachea was transected approximately halfway between the larynx and the tracheal bifurcation, and the larynx removed en bloc with the tongue and proximal trachea and placed in fixative. Fixative was instilled into the lungs via the transected distal trachea to avoid damage to the laryngeal mucosa from the cannula.
Histology
We have obtained consistently reproducible results by trimming the larynx with a single transverse cut ventrodorsally through the easily palpable cricothyroid notch (4), and embedding the entire larynx cranial to this in paraffin with the cut surface against the face of the block. Prior to microtoming, the block was trimmed to a trapezoid shape to decrease the size of individual paraffin sections and increase the number of sections easily placed on each slide. At microtoming, multiple ribbons of sections were cut from the caudal larynx cranially through the base of the epiglottis. Ribbons were removed from the water bath on glass slides, examined microscopically for orientation, and appropriate sections taken from the base of the epiglottis (Fig. 1 ), ventral pouch and adjacent vocal processes of the arytenoid cartilages (Fig. 2 ), and the region of the caudal larynx containing the caudoventral extensions of the vocal processes and the vocal folds ( Fig. 3 ). These sections were mounted on a single slide and stained with hematoxylin and eosin for histopathologic examination. Landmarks recognizable microscopically were the seromucous glands beneath the surface epithelium in the area of transition from stratified squamous to intermediate epithelium at the base of the epiglottis (Fig. 1 ), the ventral pouch ( Fig. 2) , the vocal processes of the arytenoid cartilages extending ventrally into the laryngeal lumen (Fig. 2 ), and the ventromedial extensions of the vocal processes of the arytenoid cartilages in the lateral walls of the caudal larynx ( Fig. 3 ). Figs. 1-3 were taken of stained sections to clearly demonstrate these landmarks; however, they were also readily visible in unstained sections.
Microscopic Examination
Sections through each of the three areas of the larynx described above were examined microscop- ically. Special attention was paid to a careful comparison of the morphology of the mucosal epithelium of these areas in exposed versus control animals. As mentioned above, additional serial transverse and longitudinal sections of larynges from rats and mice of the same strain, source, and approximate age were also prepared as described above and examined microscopically to study the normal laryngeal histology and interspecies differences.
RESULTS
Normal Histology of Rat Larynx (5 Months of Age)
The stratified squamous epithelium covering the anterior and middle portions of the laryngeal surface of the epiglottis was composed of a layer of oval, vertically oriented basal cells with oval to round nuclei, several layers of round to oval cells, and a surface layer of squamous cells, the majority of which were not keratinized (Fig. 4 ). In the caudal portion of the epiglottis, there was a gradual transition to round or cuboidal cells, with fewer surface squames and occasional columnar ciliated cells. At the base of the epiglottis, the surface epithelium was predominantly cuboidal, with smaller numbers of ciliated columnar and oval to flattened squamoid cells (Fig. 5 ). Fig. 6 is a schematic diagram of a midsagittal section through the base of the epiglottis and the ventral pouch. A consistent point of reference for the transition from stratified squamous to intermediate (mixed) type of epithelium at the base of the epiglottis in rats was the seromucous glands beneath the mucosal epithelium on the ventral midline. In most rats examined, these glands extended anteriorly to the point where the surface epithelium changed from the intermediate type to stratified squamous (Fig. 7) . In a few rats, the surface epithelium on the ventral midline covering the most anterior extension of the seromucous glands was composed of two to three layers of squamous cells; however, this epithelium was thinner than the stratified squamous epithelium lining the anterior epiglottis, and did not have a prominent basal cell layer typical of stratified squamous epithelium.
Ciliated columnar epithelial cells frequently lined the openings of the ducts of seromucous glands and the adjacent surface of the epiglottis. The number of ciliated cells in the epithelium covering the laryngeal surface of the base of the epiglottis gradually decreased caudally from the anterior extension of the intermediate epithelium; ciliated cells were rarely present in sections through the junction of the epiglottal and thyroid cartilages. The surface epithelium covering the caudal epiglottis was com- posed of 3-4 layers of round or cuboidal cells, and gradually thinned caudally as it covered the base of the U-shaped cartilage supporting the ventral pouch (Fig. 8) .
The submucosal seromucous glands extended caudally and ventrally to the junction of the epiglottal and thyroid cartilages (Fig. 8) . The epithelium covering the laryngeal surface of the base of the U-shaped cartilage was only one to two cells thick, with no discernible basal cell layer ( Figs. 8 and 9 ). Transverse sections through this area also included the anterior extension of the ventral pouch, which was lined by cuboidal or round epithelial cells 2-4 cells thick, depending on its degree of distension ( Fig. 9 ). At the point where the ventral pouch opened into the laryngeal lumen, the mucosa covering the wings of the U-shaped cartilages was squamoid epithelium two cells thick.
In sections through the larynx at the level of the ventral pouch, the vocal processes of the arytenoid cartilages were visible protruding ventrally into the laryngeal lumen (Fig. 10 ). In the most anterior sections through the vocal processes, the ventral portions of their medial surfaces were covered with unkeratinized squamous epithelium 2-3 cells thick, while the dorsal portions were covered with slightly thicker, keratinized squamous epithelium. In sections further caudally, the degree of keratinization of the epithelium on the medial surfaces of the vocal processes gradually decreased.
In sections through the caudal larynx, the roof of the ventral pouch receded laterally and the larynx was elongated dorso-ventrally. The vocal processes of the arytenoid cartilages were visible extending ventromedially in the lateral walls (see Fig. 3 ). It was difficult to consistently obtain sections through the protrusion of the vocal folds into the lumen; when present in sections, the vocal folds were visible as narrow folds of connective tissue extending ventromedially from the vocal processes into the lumen of the ventral larynx, covered by flattened to cuboidal epithelium two to three cells thick (Fig. 11 ).
The surface epithelium of the dorsal half of the larynx in this area was predominantly ciliated columnar cells.
Normal Mouse Larynx
Microscopic examination of multiple laryngeal sections from B6C3F1 mice using the methods described above revealed some variations in normal laryngeal anatomy between F344/N rats and B6C3F I mice. As in rat larynges, the seromucous glands beneath the surface epithelium were a consistent point of reference for the transition from stratified squamous to intermediate epithelium at the base of the epiglottis. However, ciliated columnar cells were more numerous on the laryngeal surface of the epiglottis in mice than in rats. At the base of the epiglottis, the epithelium covering the submucosal glands was composed almost entirely of ciliated columnar cells (Fig. 12 ), with fewer round to oval cells similar to those seen in this area of the epiglottis in rats.
The epithelium covering the laryngeal surface from the base of the epiglottis to the anterior edge of the ventral pouch was predominantly low columnar or cuboidal, with many ciliated cells in mice ( Fig. 13 ; compare with Fig. 8 ). The ventral pouch of mice did not extend anteriorly from its opening into the laryngeal lumen in mice as it did in rats; also, the base of the U-shaped cartilage was much less prominent in mice than in rats, and the overlying epithelium was not as flattened in mice as in rats (Fig.  13 ; compare with Fig. 8 ). The epithelium lining the ventral pouch of mice was a mixture of ciliated columnar and cuboidal cells; the ventral surface of the pouch was covered almost completely by ciliated (Fig. 13 ). The epithelium covering the wings of the U-shaped cartilage at the junction of the ventral pouch with the laryngeal lumen was somewhat flattened, similar to this area in rats as described above.
The vocal folds of mice were covered with low cuboidal or squamoid epithelium. The remaining laryngeal lumen in sections containing the vocal folds was lined by ciliated epithelium dorsally and a mixture of ciliated and nonciliated cuboidal cells ventrally.
Aging Changes
In rats necropsied at approximately 26 months of age, the mucosal epithelium in the transitional zone at the base of the epiglottis had a higher percentage of ciliated columnar epithelial cells (Fig. 14) compared with epithelium from this area in 5-monthold rats (Fig. 5 ).
Another change observed frequently in the larynges of aged rats and less frequently in aged mice was cystic dilatation of the submucosal glands lying beneath the mucosa in the ventral pouch. Mineralized debris and inflammatory cells were often present in the dilated glandular lumens (Fig. 15 ). Inhaled vegetable material, presumably fragments of feed, was also observed occasionally in aged rats in the lumen of the ventral pouch or embedded in the surface epithelium of the pouch. In some cases, this material had elicited a mild suppurative or granulomatous response.
DISCUSSION
The anatomic and histologic features of rat larynges examined using our methods were generally similar to those described in SEM studies by Smith (16) , SEM and TEM studies by Lewis and Prentice (9) , and mitotic activity studies by Lewis (8) . How-ever, the observation of increased numbers of ciliated cells in the epithelium covering the base of the epiglottis in aged rats was unexpected. While squamous metaplasia of respiratory epithelium in the larynx has been reported as an age-related change in animals (6) and humans (17) , increases in the numbers of ciliated cells in the transitional zone of the larynges of aged animals have not been previously reported. The observation reported here of increased numbers of ciliated cells lining the base of the epiglottis was based on tissue sections from a limited number of aged rats, and needs to be investigated further using a larger sample size.
The histologic features we have described for the epithelium covering the base of the epiglottis in B6C3Fl mice were similar to those described in ultrastructural studies of this area of the epiglottis in SMA mice by Nakano and Muto (12) . These authors describe a transition from stratified squamous to stratified cuboidal to ciliated stratified low columnar epithelium in this area of the larynx, and note considerable individual variation in the extent of each type of epithelium. They also note the similarity of the epithelial morphology in this area to that described previously in the transitional zone of the nasopharynx of mice where the ciliated columnar epithelium continuing from the nasal cavity joins the stratified squamous epithelium lining the laryngopharynx (11) .
In the laryngeal mucosa, the areas of transition from stratified squamous to respiratory epithelium are the most sensitive sites for cellular changes such as degeneration, squamous metaplasia, or hyperplasia in response to inhaled xenobiotics (3) . As in the nose, the predilection of these sites for lesions in rodents is probably due to airflow characteristics and regional epithelial sensitivity (2, 3, 7) . The histologic methods described above were developed to provide consistent sections through these sensitive areas of laryngeal mucosa without requiring the preparation and examination of large numbers of larynx sections per animal. Use of these methods has enabled us to characterize lesions in the laryngeal mucosa using parafhn embedding and numbers of sections practical for inhalation studies with large numbers of animals. In studies in which the larynx was a target organ, use of these methods has permitted detailed description of extensive or very subtle laryngeal lesions induced by inhalation of test materials.
Consistency in preparation and examination of sections and stringent comparison with similar sections of larynx from unexposed controls are required to differentiate exposure-induced metaplastic, hyperplastic, or degenerative lesions from normal epithelium. Conversely, failure to examine the areas of transition from squamous to respiratory epithelium in the larynx or to recognize subtle changes in the morphology of these areas of laryngeal mucosa may result in underestimation of the effects of inhaled substances.
